Abstract-In this letter, over-the-air (OTA) tests of the performance of the IEEE 802.11p radio system are performed in a reverberation chamber (RC) that is equipped with a fast rotating mode stirrer. By varying the speed of the mode stirrer, different levels of Doppler spreads are created, and the 802.11p radio system is tested accordingly. As expected, the Doppler spread affects the package error rate (PER) of the radio system adversely. In addition to measurements, a simple PER model is presented, which sheds some light into the OTA tests.
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I. INTRODUCTION

R
EVERBERATION chambers (RCs) are traditionally used for electromagnetic compatibility (EMC) measurements. During the past decade, the RC has been successfully used in various over-the-air (OTA) tests [1] - [9] . For example, it has been used for measuring the bit error rate (BER) of certain telecommunication systems [2] , [3] , and the total radiated power (TRP) and the total isotropic sensitivity (TIS) of mobile terminals [4] , [5] . Recently, the RC has been used to measure the throughput of a wireless local area network (WLAN) system [6] and a Long Term Evolution (LTE) system [8] , [9] . Almost all the previous OTA studies were performed in RCs with negligible Doppler spread [10] (i.e., in slow-fading environments). Thus, these studies are not applicable for testing effects on wireless systems in fast-fading environments.
In this letter, an RC-based OTA testing system allowing for various Doppler spreads is presented. In order to emulate fastfading environments, a fast-rotating mode stirrer is introduced. By changing the speed of the mode stirrer, different Doppler spreads can be generated. An 802.11p radio system (e.g., [11] ) is measured in such an OTA testing system, where the package error rate (PER) is chosen to be the performance metric. Measurements show that the Doppler spread tends to reduce the effective signal-to-noise ratio (SNR) of the 802.11p radio system. Furthermore, in order to give some insight into the OTA tests, a simple PER model (based on the threshold receiver model [7] or the outage theorems [12] predict the PER performance with a reasonable accuracy up to certain Doppler spread limit, above which an irreducible error floor occurs.
II. PER MODEL
PER simulations, in the literature, either deal with uncoded system, where the advanced coding that exists in modern telecommunication systems is not considered, or include specific coding at the expense of computational complexity. A simple way to include the advanced coding is to use the threshold receiver model [7] , [13] . Assume that the advance coding is powerful enough so that the receiver in an additive white Gaussian noise (AWGN) channel has a PER of zero once the received power is above a certain threshold value, and of one otherwise. Mathematically, the PER of a threshold receiver in an AWGN channel can be expressed as (1) where denotes the SNR and represents the threshold value. In a fading environment, the average PER is (2) where represents the average and denotes the probability density function (pdf) of for a given . Substituting (1) into (2) (3) where denotes the cumulative distribution function (cdf) of for a given . The threshold receiver can be justified by the outage theorems [12] , which states that, with powerful coding, the average PER can be well approximated by the outage probability of the fading channel. As a result, we will use cdf and PER interchangeably in this letter.
PER of the 802.11p radio system, which employs the orthogonal frequency-division multiplexing (OFDM) with coding and interleaving, can be easily modeled in a quasi-static channel by coherently combining the power of the independent subcarriers [7] , [9] . In fast-fading environments, the Doppler spread incurs an intercarrier interference (ICI). The ICI in a 3-D isotropic scattering environment (e.g., an RC) can be readily derived by following the same lines in [14] (4)
1536-1225/$31.00 © 2013 IEEE where is the number of OFDM subcarriers, is the maximum Doppler frequency, is the sampling time, and sinc denotes the sinc function. Note that the ICI expression derived in [14] is actually for a 2-D uniform scattering environment. The extension from 2-D to 3-D isotropic environment is simply done by replacing the Bessel function with the sinc function in the ICI expression.
As explained earlier, thanks to OFDM, we can use flat-fading channel model to emulate the th subcarrier (5) where and are transmit and receive signals, respectively, denotes the channel transfer function, and represents the noise (all at the th subcarrier). In order to model the PER measured in an RC, we assume that is Gaussian distributed [15] . Without loss of generality, we assume , where denotes the expectation. Thus, the effective SNR at the th subcarrier can be expressed as (6) The total effective SNR is (7) Due to the Gaussian assumption of , (7) is chi-square distributed [15] with degrees of freedom (where is the number of independent subcarrier that can be approximated as the ratio of the system bandwidth to the coherence bandwidth of the channel). Hence, the average PER becomes (8) In general (e.g., if more complicated signal processing other than (7) is involved), a closed-form distribution of the effective SNR can be difficult to derive. Then, in simulations, we can resort to the empirical cdf (9) where are the samples of the instantaneous SNR obtained from the simulation, and the denotes the indication function 1 [16] . The empirical cdf (9) is accurate with large sample number . For simulations in Section III, we choose , in which case, the simulated PER using (8) and (9) overlap with each other. Hence, only the simulated PERs corresponding to the empirical cdf (9) are shown in Section III.
III. MEASUREMENTS AND RESULTS
The RC-based OTA testing system (see Fig. 1 (SP), Borås, Sweden. The size of the RC is m . Both transmitter and receiver of the 802.11p radio system (based on UNEX DCMA-86P2 mini-PCI for ITS V2X applications) are placed outside the RC and are connected to external antennas located inside the RC via coaxial RF cables. High isolation is required between the radios to avoid communication directly between the radio chips. This is realized by placing one node inside a shielded chamber and the other one outside that chamber.
Measurements were performed at 5.9 GHz with 10-MHz system bandwidth and 52 OFDM subcarriers. At 5.9 GHz, the -factor of the RC is about 11 500, corresponding to a coherence bandwidth of about 0.5 MHz [17] . During the measurement, the mode stirrer was rotating with a controllable speed in order to emulate fast-fading environments with different Doppler spreads. We set the speed of the mode stirrer to be 1.1, 2.4, and 4.0 rounds/s (corresponding to the peripheral velocity of 2.5, 5.4, and 8.9 m/s), respectively. We denote these speeds as speed 1, speed 2, and speed 3, respectively. It was shown in [10] that the root mean square (RMS) Doppler spread in the RC can be simply approximated by , where is the peripheral velocity of the mode stirrer and is the wavelength at 5.9 GHz. Thus, the RMS Doppler spreads generated by these stirrer speeds are approximately 48, 107, and 175 Hz, respectively. Note that the maximum Doppler shift frequency is larger than the RMS Doppler spread (e.g., in an ideal RC with a constant velocity, the maximum Doppler shift is about 1.7 times larger than the RMS Doppler spread). This can be explained by the fact that the RC tends to enhance the classical Doppler shift frequency due to its multibounce scattering property [10] . Also note that 802.11p radio systems may encounter a larger Doppler spread. Unfortunately, due to mechanical stability, speed 3 is the upper limit of stirring speed of the mode stirrer developed in the current OTA testing system. In the future work, a faster stirrer with better mechanical stability may be implemented. Nevertheless, it should be noted that this work serves as a feasibility study of physically introducing Doppler spread into OTA tests and that the systems under test can be other systems that experience a smaller Doppler spread in practice (the 802.11p radio system is just one example of the communication systems under test).
The transmitting power of the 802.11p radio system was set to 0 dBm and package length to 30 B, including a header of approximately 20 B. Message frequency was approximately 38 Hz. In order to observe SNR dependence of the measured PERs, we use an adjustable attenuator [see Fig. 1(a) ] to introduce additional path loss. The attenuator was set to have attenuations ranging from 60 to 94 dB. In addition, the cables used for the measurement introduce 11 dB insertion loss. Note that this high insertion loss is the total insertion loss in five cables used in the measurement (i.e., the cable connecting the transmit node to the connector in the wall of the RC, the cable between RC connector and the transmit antenna, the cable connecting the receive node to the connector in the wall of the shielding chamber, the cable between the connectors in the walls of the shielding chamber to the RC, respectively, and the cable from the RC connector to the receive antenna inside the RC). The five cables have a total length of about 12 m. At each attenuation value, we gathered 2000 samples, based on which the average PER was calculated. Note that the used 802.11p node (i.e., UNEX DCMA-86P2 mini-PCI) does not report noise information from the measurement. Also note that it is possible to obtain the SNR information by using the CVIS platform, e.g., [18] , which estimates the SNR via the receiver signal strength indicator (RSSI). However, to date it is still a secret how the CVIS platform estimates the RSSI noise power [18] ; there is no measurement verification on the estimation accuracy of the CVIS platform [19] . Thus, the SNRs reported by the CVIS platform can only be considered as relative values [18] , [19] . Due to these reasons, we prefer to present the PER as a function of received power instead of SNR. Fig. 2 shows the measured PER. As expected, by increasing the stirrer speed (and therefore the Doppler spread), the PER performance degrades. A closer look at the results reveals that the adverse effect of the Doppler spread is multifold. The Doppler spread degrades the orthogonality of the OFDM subcarriers in the 802.11p radio system. This results in an ICI, which degrades the effective SNR (represented as a shift of the PER curve to the right). In addition, the fast-fading channel makes it more difficult for channel estimation and equalization, which, once above a certain Doppler spread limit, results in an irreducible error floor, e.g., the PER corresponding to speed 3 converges to 8% at high received powers. (Note that for the sake of clear exhibition of the PER transition from 100% to 0%, the measured PER values above 100 dBm received power are not shown.) At this speed, the receiver has problems to decode messages, and many consecutive errors sometimes occur. In addition to measurements, simulated PERs (using the PER model) are also presented in Fig. 2 . As can be seen, based on the threshold receiver [7] or the outage theorems [12] , the modeled PER (cf. Section II) can well predict the degradation of the effective SNR due to the presence of Doppler spreads. However, the simple PER model cannot take the imperfect channel estimation and equalization into account, and therefore fails to predict the irreducible error floor at high stirrer speed.
IV. CONCLUSION
This letter focuses on the OTA tests in fast-fading environments that have been overlooked in the previous OTA studies [2] - [9] . An RC-based OTA testing system is developed. The testing system employs a fast-rotating and controllable mode stirrer inside an RC in order to emulate different Doppler spreads. To validate the developed OTA testing system, an 802.11p radio system was measured as an example. In addition to measurements, a simple PER model is presented. Measurement results show that the Doppler spread adversely affects the effective SNR of the 802.11p radio system. This phenomenon can be predicted by the PER model. However, the simple PER model fails to predict the irreducible error floor observed at high stirrer speed, which is thought to be caused by the performance degradation of the channel estimation and the equalization in the presence of large Doppler spreads.
